Introduction
Millipedes in the family Xystodesmidae are most diverse in the Appalachian Mountains where about half of the family's species occur. In the New World, the family is distributed throughout eastern and western North America and south to El Salvador (Marek et al. 2014 . Xystodesmidae occur in the Old World in the Mediterranean, the Russian Far East, Japan, western and eastern China, Taiwan and Vietnam. Taxa include species that are bioluminescent (genus Motyxia Chamberlin, 1941) and highly gregarious (genera Parafontaria Verhoeff, 1936 and Pleuroloma Rafinesque, 1820) ; some form Müllerian mimicry rings. Despite their fascinating biology and critical ecological function as native decomposers in broadleaf deciduous forests in the U.S., their alphataxonomy is antiquated, and scores of new species remain undescribed. For example, the genus Nannaria Chamberlin, 1918 includes 18 described species; recent work on the genus in our laboratory indicates that at least 50 additional species await description.
The genus Apheloria is ubiquitous in the eastern United States where the taxon Apheloria virginiensis corrugata (Wood, 1864) , popularly known as the Cherry Millipede, is a widespread and colorful inhabitant of deciduous forests. The "cherry" in the common name refers to the aroma of benzaldehyde, released by the millipede following the enzymatic breakdown of mandelonitrile (a cyanogen); the process also releases hydrogen cyanide, and a single millipede can produce 18 times the lethal dose of cyanide for a pigeon (Eisner et al. 1963; Eisner et al. 2005) . These cyanogenic millipedes warn avian, amphibian and reptilian predators of their toxicity with aposematic coloration composed of highly contrasting striped or spotted patterns of white, reds, yellows, and oranges against a jet-black background. Some nocturnal taxa, such as Motyxia, which are preyed on by colorblind rodents, have aposematic bioluminescence where the exoskeleton emits a green glow in the dark (Marek & Moore, 2015) .
Some xystodesmid taxa, such as those in the tribe Apheloriini, assemble into mimicry rings where unrelated toxic species have converged in appearance as a result of the evolution of mutualistic Müllerian mimicry (Marek & Bond, 2009 ). This evolutionary phenomenon of convergence in appearance of chemically defended animals has been documented in a number of taxa such as butterflies (Flanagan et al. 2004) , velvet ants (Wilson et al. 2015) , and poison frogs (Symula et al. 2001) . In the Cumberland Mountain Thrust Block region of Virginia, Tennessee and Kentucky, the millipede genera Apheloria, Brachoria Chamberlin, 1939, and Appalachioria Marek and Bond, 2006 display mimicry rings that center on at least six shared aposematic resemblances-corresponding to separate rings (Marek & Bond 2009 ). The species of Apheloria described here displays all of these six unique phenotypes.
During the latter half of the 20th century, Richard Hoffman had been working on a revision of the genus Apheloria (Hoffman 1978) . He synonymized several names, mostly those of R. V. Chamberlin, and clarified several old conundrums associated with the taxon (Hoffman 1999 ) before his death in 2012. While working on the genus, he discovered one of its members from southwestern Virginia and determined that it was a new taxon, assigning the temporary name Apheloria sp. "flavissima" on the determination label due to its entirely yellow collum and intensely brilliant hue (Latin flavus meaning 'yellow'). In conversation with PEM about Apheloria, Hoffman commented that the generic revision was pending, but obstacles remained regarding the disposition of several key taxa including Apheloria virginiensis virginiensis (Drury, 1770) , Apheloria luminosa (Kenyon, 1893) , and Apheloria sp. "flavissima". Several years later, PEM undertook a study of Müllerian mimicry in the Cumberland Mountain Thrust region between species of the genera Apheloria, Brachoria, and Appalachioria and sampled at 29 locations to encapsulate the geographical extent of the observed mimetic radiation (Marek & Bond 2009 ). Based on molecular phylogenetics, two Apheloria species were collected in the study: Apheloria montana (Bollman, 1887) and a second that formed a monophyletic group encompassing individuals of A. sp. "flavissima". A. montana was less common throughout the study region and possessed two color morphs: two-spotted yellow and three-spotted white. However, A. sp. "flavissima" was more variable in coloration and over four times more abundant, thereby providing evidence that it is likely a model species in this mutualistic radiation of mimics. A. sp. "flavissima" as a model is also supported by its widespread distribution and high frequency of mimetic interactions with unrelated species (Marek & Bond 2009) . Whenever the other species of Brachoria and Appalachioria were found to co-occur with A. sp. "flavissima", their coloration was nearly identical to that of A. sp. "flavissima."
New species of the genus Brachoria, part of this system of mimicry, were described recently (Marek 2010 ); however, A. sp. "flavissima" remained unnamed. This taxon is currently the subject of co-evolutionary studies of mimicry evolution and has been listed under various names in faunistic surveys (Hobson 2010 ) and phylogenetic publications (Marek & Bond 2007; Marek & Bond 2009; Means & Marek 2017) . A formal species name is now required. In this paper, we name and describe A. sp. "flavissima" and document its surprisingly large color variation.
Methods and results
Live millipedes were found according to Means et al. (2015) . Individuals were collected by raking through leaf litter and detritus on the forest floor. Millipede specimens were photographed and their hue, value, and chroma (e.g., 1.25Y 7/14) measured with a Munsell Book of Color using sunlight (cloudless at noon) as an illumination source (Munsell Color Services 2000) . Millipede gonopods were photographed using ultraviolet-induced fluorescent imaging as described by Marek (2017) . Body dimensions were measured at the following six locations according to Marek (2010) : body length (BL), collum width (CW), intergenal width (IW), interantennal socket width (ISW), body ring 10 width (B10W), and body ring 10 height (B10H). Measurements are provided in millimeters. The range, mean, and standard deviation of the measurements are given to assess continuous variation. Total genomic DNA was extracted and purified with a Qiagen DNeasy kit, and DNA of the large subunit ribosomal RNA gene (16S) from the mitochondrion was amplified using polymerase chain reaction and sequenced using a Sanger protocol according to Means and Marek (2017) . Chromatograms were trimmed, bases called, and overlapping fragments made into contiguous sequences in Mesquite using phred and phrap in the Chromaseq module (Maddison and Maddison, 2010; Ewing et al., 1998) . The program Prank (Probabilistic Alignment Kit, Löytynoja and Goldman 2005) was used to align the sequences using the default gap opening and extension probabilities, and a parsimony guide tree with two iterations, thereby improving the tree on the second iteration. Multiple individuals with a uniform 16S sequence were collapsed into a single terminal (e.g., AlfVLE19IV) in the alignment according to the protocol described in Marek and Bond (2009) . Specimens used for molecular phylogenetics are in Table 1 . Bayesian phylogenetic inference was used to evaluate alternative tree topologies and models of nucleotide substitution using MrBayes (Ronquist et al. 2012) . One-quarter of the trees from the MCMC analysis were discarded as the burn-in phase, and the topologies averaged with the commands "sumt" and "contype=half-compat" to generate a consensus phylogeny with > 50% of the compatible groupings retained in Fig. 1 . Millipedes were categorized into six color morphs, each with a unique dorsal color and pattern, following Marek and Bond (2009) . Color morph categories underestimate observed variation because some individuals of the same morph may have differently colored legs or variable collum patterns (e.g., an entirely yellow collum versus one with a hourglass shape medially). These characters were mapped onto the phylogeny using a parsimony reconstruction of character history in the program Mesquite. Types were deposited in the Field Museum of Natural History (institutional abbreviation FMNH), Virginia Tech Insect Collection (abbreviation VTEC), and Virginia Museum of Natural History (abbreviation VMNH). (Fig.  4C, arrow) . Acropodite narrow, half width of tibia on leg pair 9, of uniform width throughout. Acropodite gradually tapered to curved acuminate J-shaped apex, not L-shaped and abruptly twisted as in A. montana, A. tigana, A. virginiensis corrugata (Figs 3C; 4B, D, F). Acropodite shaft without cingulum (midlength transverse groove) or preapical teeth or projections as in Brachoria. Prefemur with a thin sharp prefemoral process, one-ninth length of acropodite (Fig. 3A, arrow) , not long and scythe-like as in A. montana, A. tigana, A. virginiensis corrugata ( Figs  4B, D, F) .
Note: The 4-spotted yellow color morph with a uniformly yellow collum unambiguously diagnoses A. polychroma ( Fig. 2A, C, E) . However, there are at least 6 color morphs of the species with a substantial continuum of hues and patterns among them (Figs 2, 5 ). There are frequently several color morphs of the species at a single locality, and as color varies considerably, it should be used with caution as a diagnostic character for this species.
Description. Based on Holotype (♂) FMNH-INS60792. Measurements: BL = 48.70, CW = 7.50, IW = 4.10, ISW = 1.00, B11W = 9.50, B11H = 5.40. Head: Antennae extending posteriorly to anterior margin of 3rd tergite, relative antennomere lengths 2>5>3>4>6>1>7. Antennae with 4 sensillum types, sensillum shafts smooth without barbules. Four apical cones (AS) in square cluster on 7th antennomere. Chaetiform sensilla (CS) on antennomeres 5-7. Antennomeres 1-4 smooth with sparse vestiture of CS. Trichoid sensilla (TS) on antennomeres 1-7, coronally encircling apex. Spiniform basiconic sensilla (Bs 2 ) in clusters of 15 on apical dorsal (retrolateral) surface of antennomeres 5, 6; Bs 2 shaft 1/10 length of CS.
Tergites: Collum with straight cephalic edge, abruptly tapering laterally. Collum with carina present on anterolateral margins, absent medially. Caudolateral corners of paranota rounded cephalically on body rings 1-4; acute, projecting caudally on body rings 5-19. Caudolateral corners of paranota 7-19 with small posteriorprojecting nubbin. Paranota dorsal surface loosely wrinkled, appearing leathery. Ozopores oriented dorsolaterally. Pore formula normal: 5, 7, 9, 10, 12, 13, 15-19 . Paranota with anterodorsal region scooped out. Gonapophyses cylindrical apically. Pleural tubercle absent, with slight swelling between paranotal base and spiracle. Sterna without posteriorly projecting spines, with slightly curved caudal margin. Sterna 2-11 sparsely setose (ca. 10 setae), sterna 12-18 lacking setae, ventral surface smooth. Gonopods: In situ configuration-Acropodite base projected posteroventrally, curved anteromedially in smooth O-shaped form (Fig. 3A, B) . Terminal arc of acropodite oriented ventrolaterally. O-shaped arc nearly closed, gap 1/8 length of circumference between prefemoral process and apex (Fig. 3A, B) . Right, left acropodites crossed midlength, appearing intertwined. Gonocoxae with conical protuberance apically, telopodites arising subapically. Telopodites-Prefemur with thin sharp prefemoral process, one-ninth length of acropodite, with apex tapered to sharp curved point, sickle-shaped, width at base 1/4 its length (Fig. 3A, arrow) . Acropodite bent 90° posteriorly at prefemur (Fig. 3C, arrow) , prostatic groove arcs 90° from cannula to acropodite base (Fig. 3B, arrows) . Gonopodal acropodite narrow, half width of tibia on leg pair 9, tapered to curved acuminate apex. Acropodite with ventrobasal surface facing anterolaterally. Acropodite base without spines on dorsal surface. Acropodal basal and apical ventral surfaces not coplanar, apical surface facing ventrolaterally; anterior twist absent (Fig. 3C) . Acropodal ventral surface flat, not swollen, smooth. Acropodite without midlength transverse groove, or cingulum. Acropodite shaft of uniform width, tapered to acuminate apex distal to region with setae. Acropodite elliptical in cross-section, tapered acuminate apex thinner, transparent. Acropodite margin rounded, lacking sharp edge; marginal teeth absent. Apical 1/9 of acropodite recurved, J-shaped, projecting cephalically (Fig. 3C ). Acropodite region with setae about 1/3 its total length (Fig. 3B) .
Paratype (♀) FMNH-INS71228-Measurements: BL = 50.30, CW = 8.00, IW = 4.80, ISW = 1.40, B10W = 11.81, B10H = 7.10.
Cyphopods: Cyphopod receptacle (at its greatest breadth) equal in width to prefemur length. Receptacle heartshaped, pointed end facing medially. Cyphopodal valves symmetric, anterior valve slightly more convex. Cyphopods with valvular suture facing laterally, without midlength ramp-like swell.
Variation. Apheloria polychroma is known from the Cumberland Mountain Thrust Block region at the confluence of southwestern Virginia, northeastern Tennessee, and southeastern Kentucky (Fig. 6) . There are at least six color morphs with substantial variation in coloration between them: (1) four-spotted, with yellow to orange paranotal, metatergal, prozonal and collum spots, and legs and collum often completely yellow and sometimes with red legs (Figs 2A-F , M-O); (2) striped, with yellow metatergal, paranotal, anterior collum stripes, and legs ( Figs  2G, H) ; (3) three-spotted, with creamy white paranotal, metatergal and collum spots, and red legs ( Figs 2I, J) ; (4) three-spotted, with yellow paranotal, metatergal and collum spots, and red or yellow legs (Figs 2K, L; 5A, B); (5) striped/four-spotted mix, superimposition of striped and four-spotted yellow morphs ( Figs 2M, N) ; and (6) twospotted, with yellow paranotal spots, and red or yellow legs (Figs 2Q-T). Some three-spotted yellow individuals possess faint metatergal spots, appearing nearly two-spotted (Fig. 2S) . The dorsal color of A. polychroma is always yellow and black; however, the pattern varies from two, three, or four maculae, to metatergal stripes. The hue consists of variations of yellow: from light cream-white to brilliantly saturated yellow. Based on the molecular phylogeny of populations of A. polychroma (Fig. 1) , some individuals that share a uniform mitochondrial 16S sequence possess three distinct color morphs (morphs 1, 2 and 5 from above). The color morphs lack phylogenetic conservation, whereby individuals sharing the same aposematic appearance are not monophyletic (Fig. 1) . Evolutionary shifts between colors, based on reconstructing color morphs on a phylogeny using parsimony, occurred frequently with ca. 29 changes (Fig. 1) . Brachoria dentata Keeton, 1959 mimics A. polychroma in color and pattern at six of the seven localities where they were found to co-occur. The other five species of Brachoria cooccur at fewer localities. There is typical sexual size dimorphism between males and females, and negligible variation of measurements within sex. Measurements: ♂ (n = 10) BL = 37. 80-49.45 (45.68/3.45) . CW = 6.90-8.80 Ecology. Apheloria polychroma individuals were collected in mesic broadleaf deciduous forests and occasionally in more xeric glades, for example The Cedars Natural Area Preserve in Lee County, Virginia that consists of karst overlain with a mixed deciduous and Eastern Red Cedar forest (Juniperus virginiana L.). Individuals were encountered beneath decomposing leaves and walking atop detritus on the forest floor. Individuals of A. polychroma were more often exposed to view than other apheloriines, bolder in behavior, and were more likely to thrash when disturbed. When handled, individuals would emit copious amounts of defense secretions. Due to similarity in color patterns and overlap in distribution, A. polychroma may be confused in the field with six species of Brachoria, which include Brachoria dentata Keeton, 1959 ; Brachoria cedra Keeton, 1959; Brachoria hoffmani Keeton, 1959; Brachoria insolita Keeton, 1959; Brachoria mendota Keeton, 1959; and Brachoria sheari Marek, 2010 . Mimetic resemblance between individuals of A. polychroma and B. mendota at Natural Tunnel State Park (Scott County, Virginia) is one of the most accurate in the mimicry system (Fig. 5) . Apheloria polychroma can be distinguished from these taxa in the gonopod morphology, e.g. by the absence of a cingulum, or a midlength transverse groove on the acropodite, and presence of an O-shaped telopodite (Fig. 3A, B) .
Distribution. Known from southwestern Virginia (Lee, Scott, Norton, and Wise Counties), southeastern Kentucky (Bell and Harlan Counties), and northeastern Tennessee (Campbell, Claiborne, and Hancock Counties, Fig. 6 ). The distribution of A. polychroma is coincident with the boundaries of the High Knob Landform, and more broadly the Cumberland Mountain Thrust Block (Rich 1934; Browning 2009 ). Notes. Apheloria polychroma was previously known by the informal names Apheloria "flavissima" (Hobson, 2010) , Apheloria "Stone" (Marek & Bond 2007; Means & Marek 2017) , and Apheloria "Clade A" (Marek & Bond 2009) .
Etymology. This species is named for its extremely variable coloration. The specific name is a noun in apposition derived from the Greek polu-, 'many', and khrōma, 'color'. 
Discussion
The genus Apheloria. The genus Apheloria currently consists of six species: A. luminosa, A. montana, A. polychroma, A. tigana, A. whiteheadi, and A. virginiensis. Apheloria virginiensis comprises an assemblage of five subspecies: virginiensis, butleriana, corrugata, iowa, and reducta. Based on molecular phylogenetics, the subspecies butleriana, corrugata, and reducta are monophyletic (Means & Marek 2017) , while virginiensis and iowa have not yet been sampled for DNA analysis. The taxa A. montana, A. polychroma, A. tigana, and A. whiteheadi are a sister group to the A. virginiensis clade (Fig. 1) . Millipedes collected from near the type locality of Apheloria virginiensis virginiensis were recently described and a neotype of the genus was established based on these collections (Shelley et al., 2017) . In the study by Shelley et al., A. tigana was synonymized under A. virginiensis virginiensis based on the morphological similarity of the telopodites in both species. However, this inferred close affiliation based solely on gonopodal similarity appears to be a result of homoplasy, specifically convergent shape similarities between distantly related species in the acropodite of the gonopod (Means and Marek 2017) . The telopodite morphology and molecular phylogenetics do not indicate a close relationship between A. tigana and the A. virginiensis group (Figs 4C, D versus 4E, F) . As a result, A. tigana is hereby removed from synonymy with A. virginiensis virginiensis.
Color morphs of Apheloria. The combination of rampant color variation within A. polychroma and relatively constrained morphological variation in the O-shaped telopodite amongst Apheloria species has made confidently distinguishing the species solely on phenotypic variation challenging. Even though the four-spotted "flavissima" morph with its uniformly yellow collum appears to be a distinct taxon (Figs 2A, C, E) , a naturalist may encounter up to three morphs of the species in a single 10 m 2 patch of forest. To the casual observer, the individuals are so divergent in appearance as to certainly be different species. However, as a result of mimicry, there are instances where two mimicry rings co-exist in a single 10 m 2 area, for instance A. polychroma and B. sheari possess two morphs, each mimicking one another (the Honey Tree Trail, Cumberland Gap National Historic Park, Virginia: "site 20" from Marek and Bond (2009) ). Albeit fascinating from an evolutionary perspective, color variation in this region of Appalachia has confounded taxonomy of its apheloriine millipedes. In other parts of the range of Apheloria beyond this region of mimicry, color generally appears to be consistent with species and with distinct gonopodal forms that have traditionally been used in millipede taxonomy. Apheloria tigana is generally twospotted yellow, Apheloria montana is three-spotted yellow, and the former species has a distinct elbow mid-length on the acropodite (Fig. 4C versus Fig. 4A ). In this mimicry region, there are numerous instances of two-spotted and three-spotted yellow Apheloria individuals (in addition to the four other color morphs) that traditionally may have presented a challenge to previous workers overly reliant on color. Color variation also presents a significant challenge for identification of photographs of millipede taxa on citizen science websites, and there are at least a dozen polydesmidan species that are two-spotted yellow as a result of evolutionary convergence on a common aposematic appearance that have been misidentified with one another based exclusively on coloration (e.g. Harpaphe haydeniana haydeniana (Wood, 1864) , Chondrodesmus cairoensis Loomis, 1972 , Orthomorpha coarctata (DeSaussure, 1860 , and Apheloria tigana).
The similarity in coloration with co-occurring species is a consequence of Müllerian mimicry. However, why there is intraspecific geographical variation of coloration in A. polychroma in several mimicry rings is uncertain. Apheloria polychroma color morphs are generally partitioned geographically with the two-spotted-yellow morph west of Cumberland Mountain in Kentucky, four-spotted-yellow east of Cumberland Mountain in Virginia and Tennessee, three-spotted-white in Clinch Mountain and the Tennessee side of Powell Mountain, and three-spottedyellow with red legs around Natural Tunnel State Park, between Clinch and Powell Mountains, Virginia. Aposematic theory predicts conservation of warning signals because novel morphs (especially at low frequencies) that deviate from the memorized signal of the predator will experience increased predation and be removed from the population, thus making the population appear more like the toxic prey (Choteau and Angers, 2012) . This phenomenon exists in millipedes (Marek & Bond 2009 ), frogs (Twomey et al. 2013) , butterflies (Mallet and Joron 1999) , velvet ants (Wilson et al. 2015) , and other Müllerian systems. Some variation may be a function of geographical variation of avian predators and therefore predator visual preferences; however, the bulk of the variation is within small areas easily traversed by flying predators. The mechanisms of convergence are wellknown; however, what drives the variation of Müllerian rings is still poorly understood. Primary documentation of millipede color into an atlas would provide the raw observations and materials required to understand the mechanisms of this spectacular color variation, and is a current project of JCM.
Several taxa of the Apheloria virginiensis species group including A. virginiensis corrugata possess intraspecific variation in coloration, but not to the extreme degree seen in A. polychroma. Apheloria virginiensis corrugata and A. virginiensis virginiensis are members of a Müllerian mimicry ring with those of the Appalachioria separanda (Chamberlin, 1947) species group in areas of the New River and Roanoke Valleys, Virginia. Furthermore, several new taxa of Apheloria have been discovered in Virginia and North Carolina that participate in mimicry with other apheloriine species. In addition to these, several new examples of mimicry occur elsewhere in Appalachia, including new taxa and those known but previously undescribed.
The diplopod family Xystodesmidae includes taxa with interesting biological traits including colorful Müllerian mimicry, bioluminescence, and synthesis of 600 mg of cyanide per individual, to which the millipedes have been found to be tolerant (Eisner et al. 2005; Hall et al. 1971; Marek & Bond 2009; Marek & Moore 2015) . These colorful millipedes are widespread in Appalachian forests, but are among the least known alphataxonomically of all U.S. fauna. While deforestation and habitat loss imminently threaten their ecological integrity, by describing and understanding the diversity of these organisms, studies about mimicry, color evolution, and Appalachian ecology can be investigated before it is too late.
